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Department of Chemical Engineering, McGill University, Montreal, QC, CanadaABSTRACT The development of cartilage-specific imaging agents supports the improvement of tissue assessment by mini-
mally invasive means. Techniques for highlighting cartilage surface damage in clinical images could provide for sensitive indi-
cations of posttraumatic injury and early stage osteoarthritis. Previous studies in our laboratory have demonstrated that
fluorescent solutes interact with cartilage surfaces strongly enough to affect measurement of their partition coefficients within
the tissue bulk. In this study, these findings were extended by examining solute adsorption and distribution near the articular
surface of mechanically injured cartilage. Using viable cartilage explants injured by an established protocol, solute distributions
near the articular surface of three commonly used fluorophores (fluorescein isothiocyanate (FITC), tetramethylrhodamine iso-
thiocyanate (TRITC), and carboxytetramethylrhodamine (TAMRA)) were observed after absorption and subsequent desorption
to assess solute-specific matrix interactions and reversibility. Both absorption and desorption processes demonstrated a trend of
significantly less solute adsorption at surfaces of fissures compared to adjacent intact surfaces of damaged explants or surfaces
of uninjured explants. After adsorption, normalized mean surface intensities of fissured surfaces of injured explants were 6%,
40%, and 32% for FITC, TRITC, and TAMRA, respectively, compared to uninjured surfaces. Similar values were found for sliced
explants and after a desorption process. After desorption, a trend of increased solute adsorption at the site of intact damaged
surfaces was noted (316% and 238% for injured and sliced explants exposed to FITC). Surface adsorption of solute was stron-
gest for FITC and weakest for TAMRA; no solutes negatively affected cell viability. Results support the development of imaging
agents that highlight distinct differences between fissured and intact cartilage surfaces.INTRODUCTIONArticular cartilage is a specialized soft tissue, which is
imperative to the function of synovial joints by permitting
the smooth movement of load-bearing surfaces (1). Injury
or degeneration of this tissue results in significant joint
pain and a loss of mobility (2,3). Cartilage injury can arise
from joint trauma and may worsen during progression of
osteoarthritis, a degenerative joint disease affecting millions
(4). Cartilage has limited capabilities of self-repair and
therefore injury can eventually lead to complete degradation
of the tissue. The initial stage of injury is generally charac-
terized by surface fissures or fibrillation and biochemical
changes in the extracellular matrix (ECM) involving glycos-
aminoglycan (GAG) and water content (5–7). The detection
of these changes at the earliest possible stage is beneficial
for effective treatment (8).
Minimally invasive imaging techniques such as delayed
gadolinium-enhanced magnetic resonance imaging of carti-
lage (9–11) and contrast-enhanced computed tomography
(12–14) are of interest in part due to their abilities to quan-
tify GAG content. These methods involve the use of readily
available contrast agents, generally anionic, which diffuse
into cartilage and experience electrostatic repulsion from
negatively charged matrix GAGs. This leads to an inverse
relationship between contrast agent concentration and
GAG density (15). A major drawback of these methods isSubmittedMarch 20, 2013, and accepted for publication September 4, 2013.
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acceptable images due to the repulsive interactions experi-
enced (16). Recent studies have exploited these electrostatic
interactions by examining the use of positively charged
contrast agents to improve imaging and GAG quantification
at lower concentrations (17–19). Although promising results
have been observed, maximum attenuation values were not
reached until near equilibrium conditions. Generally in clin-
ical practice, diffusion takes place over a limited period of
time and these conditions are likely not met. To overcome
this limitation, other studies have investigated the use of
contrast agent diffusion rates rather than equilibrium distri-
bution for functional assessment of cartilage (20,21).
The development of imaging techniques based on detec-
tion of surface damage, also an early stage indicator of carti-
lage injury, could provide another potential tool for cartilage
integrity assessment. However, interactions between solutes
and cartilage surfaces have received only limited attention
and are not well characterized or understood. Previous
studies have been mostly focused on lubricating molecules,
which bind or adsorb to the articular surface such as pro-
teoglycan-4, albumin, g-globulin, and surface-active phos-
pholipids (22–26). Other previous work has investigated
the adsorption of a wide range of solutes to cartilage surfaces
and its effect on bulk partition coefficientmeasurements (27).
The aim of this study was to examine solute adsorption
and distribution near the articular surface of mechanically
injured cartilage for potential use in cartilage integrity
assessment. Three commonly used fluorophores werehttp://dx.doi.org/10.1016/j.bpj.2013.09.037
2428 Decker et al.studied and a method of quantification was developed to
allow for comparison of solute adsorption to healthy versus
damaged cartilage surfaces. It was hypothesized that sig-
nificant differences in adsorption intensity would be linked
to structural and biochemical changes due to injury and
associated fissures. Findings may suggest new, to our knowl-
edge, possibilities for development of imaging agents based
on detection of surface fibrillation or fissuring.MATERIALS AND METHODS
Osteochondral explants
Adult bovine knees (skeletally mature) were obtained fresh from a local
slaughterhouse and visually healthy osteochondral cores, 8 mm in diameter,
were drilled perpendicular to the articular surface of the distal femur
using a power drill and coring bit (Snug-Plug Cutters, Veritas Tools,
Ottawa, Canada) (Fig. 1 A) and then placed in 25 mL of sterile phosphate
buffered saline (PBS) containing antibiotic/antimycotic solution (Life
Technologies, Burlington, Canada). The cartilage of these cylindrical
explants was trimmed to 2.5 mm diameter using a biopsy punch (Miltex,
York, PA) and scalpel. Trimmed samples were then incubated in chondro-
cyte culture medium (high-glucose DMEM containing 0.1 mM nonessential
amino acids, 10 mM HEPES, 10% fetal bovine serum, and 1% penicillin-
streptomycin-glycine solution; Life Technologies) for 1–2 days before
experimentation.Mechanical injury
Osteochondral explants were subjected to radially unconfined axial
compression within a precision mechanical loading apparatus consisting
of a load cell (model 31, Honeywell, Golden Valley, MN) and displacement
actuator (LTA-HL, Newport, Irvine, CA) mounted in an aluminum and
stainless steel frame interfaced with virtual instrumentation softwareBiophysical Journal 105(10) 2427–2436(LabVIEW, National Instruments, Austin, TX). To induce injury, a single
compressive ramp at 0.7 s1 strain rate and 14 MPa peak stress was applied
as determined by previous studies (28,29). The high strain rate loading from
this protocol was reported to cause surface fissures in ~90% of cases, tissue
swelling, and GAG loss (28,30,31). Explants were then placed into absorp-
tion baths (below).Sliced positive controls for injury-induced
fissures
The mechanical injury protocol has been found to introduce fissures that are
~200 mm deep (21). For comparison purposes, positive controls were
created by slicing the articular surface of uninjured explants to a depth of
200 mm. This slicing involved a vertical cut across the diameter of the carti-
lage surface using a vibrating blade microtome (VT1200S, Leica Microsys-
tems GmbH, Wetzlar, Germany). Samples were then placed into absorption
baths (below).Solutes
Three fluorescent solutes were used in this study: fluorescein isothiocyanate
(FITC), tetramethylrhodamine isothiocyanate (TRITC) (Sigma-Aldrich,
St. Louis, MO), and carboxytetramethylrhodamine (TAMRA) (Life Tech-
nologies). These solutes are relatively small rigid molecules with similar
molecular masses (389, 443, and 430 Da, respectively) but different electric
charges (FITC is negatively charged in solution, whereas TRITC and
TAMRA are positively charged) and slightly different structures (27).
These three commonly used fluorophores provide a good starting point
for investigation of solute adsorption to articular cartilage surfaces. They
are readily detected in imaging experiments, and although they may not
be immediately applicable clinically, their chemistry and physical proper-
ties are well known so that custom-made solutes for cartilage imaging could
be made to mimic their properties. Stock solutions were prepared to a con-
centration of 250 mM in culture medium and were filtered through a 0.2 mm
syringe filter (Sigma-Aldrich) to eliminate solid particles or bacterial
contaminants.FIGURE 1 Osteochondral cores (A) were equil-
ibrated with absorption baths and subsequent
desorption baths. 200 mm thick sections were
then cut through the cartilage depth perpendicular
to the bone (B) and placed on a microscope slide to
be imaged by fluorescence microscopy (C). Fluo-
rescent images were analyzed by taking the mean
of 5 linescans (D) and quantifying the area under
the 50 mm of the resulting intensity versus distance
plot (E) using a composite Simpson’s rule. To see
this figure in color, go online.
Solute Adsorption near the Surface of Injured Cartilage 2429Absorption/desorption baths
Solute adsorption to cartilage surfaces was examined under two conditions:
directly after an absorption process and after an absorption-desorption pro-
cess. Each set of experiments used nine joints in total from different cows
taking place over a period of 3 weeks. Each week, explants were harvested
from three joints and then mixed and randomly sorted into three experi-
mental groups (uninjured, injured, and sliced) such that each group con-
tained 16–22 explants. Absorption baths were prepared to a fluorescent
solute concentration of 7.5 mM in culture medium. Cartilage explants
(both bone and cartilage) were placed in the baths and left to equilibrate
in the incubator for a period of 18–20 h. For experiments that involved
the added desorption step, explants were then removed from absorption
baths and placed into new baths of culture medium (initially free of fluores-
cent solute) and once again left to equilibrate in the incubator for 18–20 h.Visual assessment and quantification of solute
adsorption
Cartilage explants were removed from baths (absorption or desorption) and
mounted on the vibrating blade microtome such that the blade was perpen-
dicular to the cartilage surface. 200 mm thick sections were cut through the
cartilage and detached from the bone using a scalpel (Fig. 1 B). The sections
were then placed on a microscope slide with the articular surface oriented
toward the left and the cut surface (deep zone cartilage) acting as a control
edge (not exposed directly to the bath; Fig. 1 C). Fluorescence intensity
images were acquired using an inverted fluorescence microscope (IX81,
Olympus America, Center Valley, PA). Fluorescence microscopy has a
known source of error associated with the contribution of fluorescence in-
tensity from regions above and below the focal depth, which may fluoresce
enough to create noise in the image. To remove any bias associated with this
error, a series of images was taken from top to bottom of the sample and the
same image number was analyzed for each sample.
To quantify images obtained from fluorescence microscopy, a method
was derived that gave a good representation of the surface fluorescence in-
tensity and allowed for comparison of intensities between injury conditions.
At various points along the surface, linescans that provided fluorescence in-
tensity measurements every 0.645 mm were taken from the articular surface
into the tissue. At the same points, a second linescan was taken extending
past the articular surface away from the tissue to measure the background
intensity, which was subtracted from the overall intensity. An average of
five linescans per sample image was taken on both the intact and cracked
surfaces to give a good representation of the entire surface (Fig. 1 D).
This provided a plot of fluorescence intensity versus distance and a compos-
ite Simpson’s rule was used to approximate the area under the first 50 mm of
these curves (Fig. 1 E). The mean of all six samples was then obtained as
the overall surface intensity for each solute under each condition and
represented as a plot of intensity versus distance.Solute partitioning measurements
Effective partition coefficients of solutes were measured using absorption-
desorption processes. For each solute, cartilage explants (2.5 mm in diam-
eter) were obtained from three different joints and distributed randomly into
the three experimental groups (uninjured, injured, and sliced) such that each
group contained 15–18 explants. Explants were sectioned to 500 mm thick-
ness with a microtome (VT 1200, Leica Microsystems GmbH, Wetzlar,
Germany) with inclusion of the articular surface intact and allowed to equil-
ibrate with 400 mL absorption baths of 50 mM FITC, 15 mM TRITC, and
15 mM TAMRA for 20 h. Following equilibration, explants were removed
from absorption baths and surface fluid was removed gently with a tissue,
and the explants were then placed in 150 mL desorption baths of culture me-
dium (initially free from solute) and left to equilibrate again for 20 h. All
processes were carried out in the incubator. Equilibrium fluorescence inten-sities of absorption and desorption baths were measured using the plate
reader (Mithras LB940, Berthold Technologies GmbH & Co. KG, Bad
Wildbad, Germany) as a measure of solute concentration. Pilot studies us-
ing standard chondroitin sulfate solutions (in PBS) confirmed linear calibra-
tions between fluorescence intensities and solute concentrations. Explant
wet weights were measured using an analytical balance (AL204, Mettler
Toledo, Mississauga, Canada). Explants were then lyophilized (FreeZone
2.5, Labconco, Kansas City, MO) and weighed dry. The difference between
wet and dry weights provided total explant fluid content.
The solute effective partition coefficient K was defined as the ratio of so-
lute concentration within the cartilage fluid to that within surrounding bath.
K was determined from conservation of solute in the desorption bath (32):
K ¼ cdVd
Vf ðca  cdÞ; (1)
where ca and cd represent the equilibrium adsorption and desorption bath
solute concentrations, Vd is desorption bath volume, and Vf is explant fluid
volume. K is termed the effective partition coefficient as it may include
several factors specific to the geometry and experimental conditions, such
as solute-matrix interactions, tissue inhomogeneity, and surface adsorption.Explant GAG measurements
The lyophilized explants (from the partitioning experiments) were digested
overnight at 60C in a solution of PBS containing 0.01% sodium azide,
5 mM cysteine-HCl, and 125 mg/mL papain (Sigma-Aldrich). Explant
GAG contents were then determined colorimetrically using the dimethyl-
methylene blue spectrophotometric method (33).Quantification of cell viability
After an absorption-desorption process (following the same procedure as
described previously), uninjured explants were sectioned using the
vibrating blade microtome as described previously. A LIVE/DEAD assay
kit was used according to manufacturer’s instructions (Life Technologies)
(29). Samples were visualized on an Olympus IX81 inverted fluorescence
microscope. All images were captured using a 10 objective with MAG
Biosystems Software 7.5 (Photometrics, Tucson, AZ). Three random posi-
tions per slide were captured from three independent experiments (n ¼ 9).
Positively stained nuclei were counted and plotted as a percent of total
nuclei.Statistical analysis
Significant differences among fluorescence intensities of uninjured surfaces
and injured or sliced surfaces were identified using the Student’s t-test. Dif-
ferences among solutes in partition coefficient (K), explant GAG and fluid
contents, adsorption strengths, and cell viability were identified using
analysis of variance and Tukey post hoc tests. Values are reported as
Mean5 SE. Results were considered significant for p < 0.05.RESULTS
Surface accumulation of solute after absorption
Visual assessment of microscope images of FITC, TRITC,
and TAMRA clearly showed fissures in injured and sliced
explants and obvious differences between damaged explants
(injured or sliced) and uninjured cartilage (Fig. 2). Sections
of uninjured explants showed an intense fluorescence signal
at the articular surface, which became less intense and moreBiophysical Journal 105(10) 2427–2436
FIGURE 2 Fluorescence microscope images of uninjured (A, E, I), injured (B, F, J), and sliced (C, G, K) sections of cartilage explants equilibrated with
FITC (A, B, C), TRITC (E, F,G), or TAMRA (I, J, K). Bar graphs represent normalized mean intensity of fluorescence within the first 50 mm from the surface
for FITC (D), TRITC (H), and TAMRA (L). Significance represents comparison of damaged explant surfaces to uninjured explant surfaces. Mean 5 SE
(n ¼ 6); * ¼ p < 0.05; ** ¼ p < 0.01. Scale bar is 200 mm. To see this figure in color, go online.
2430 Decker et al.uniformly distributed deeper within the cartilage through to
the control edge (Fig. 2, A, E, and I). The control edge was
not in direct contact with the bath; therefore, the relatively
weak fluorescence signal likely reflected partitioning of so-
lute within the bulk of the tissue. Injured and sliced explants
showed a strong fluorescence signal at the intact articular
surface; however, it became noticeably weaker at sites of fis-
sures even though the surfaces within the fissures had been
directly exposed to the bath (Fig. 2, B, C, F, G, J, and K).
Fluorescence intensity at fissure sites appeared to be only
marginally stronger than deeper within the tissue. Fluores-
cence intensity deep within the tissue was similar between
uninjured, injured, and sliced explants.
For injured and sliced explants, mean fluorescence inten-
sity within the first 50 mm depth from the surface in contact
with the bath was normalized to that of uninjured explants
(Fig. 2, D, H, and L). Statistical comparisons were made
for all intact and fissured surfaces within injured and sliced
explants to the surface of uninjured explants. For all solutes,
these surface fluorescence intensities were not significantly
different between intact surfaces of injured or sliced ex-
plants and surfaces of uninjured explants with the exception
of the intact surface of injured explants exposed to FITC,
where the normalized mean intensity was 18% (p < 0.01).Biophysical Journal 105(10) 2427–2436All solutes showed a significant decrease in intensity
between the fissured surfaces of injured and sliced explants
and the surface of uninjured explants. For fissures in injured
explants, normalized mean surface intensities were 6% (p<
0.01), 40% (p < 0.05), and 32% (p < 0.05) for FITC (Fig. 2
D), TRITC (Fig. 2 H), and TAMRA (Fig. 2 L), respectively.
For fissures in sliced explants, normalized mean surface in-
tensities were 23% (p < 0.01), 31% (p < 0.01), and 41%
(p < 0.05) for FITC, TRITC, and TAMRA, respectively.Surface accumulation of solute after desorption
Microscope images of FITC, TRITC, and TAMRA after
desorption (Fig. 3) were similar to those obtained after ab-
sorption, albeit with less overall intensity. Fluorescence in-
tensities of intact surfaces of injured and sliced explants
exposed to FITC were significantly higher than fluorescence
intensities of surfaces of uninjured explants, having normal-
ized mean intensities of 316% (p < 0.01) and 238% (p <
0.01), respectively (Fig. 3 D). Normalized mean intensity
of fissured surfaces was only significantly different from
uninjured controls for injured explants at 43% (p < 0.01),
but approached significance for sliced explants (p < 0.07)
(Fig. 3 D). For explants exposed to TRITC, intact surfaces
FIGURE 3 Fluorescence microscope images of uninjured (A, E, I), injured (B, F, J), and sliced (C, G, K) sections of cartilage explants equilibrated with
desorption baths of culture media initially free from fluorescent solute after equilibration with FITC (A, B,C), TRITC (E, F, G), or TAMRA (I, J, K). Bar
graphs represent normalized mean intensity of fluorescence within the first 50 mm from the surface for FITC (D), TRITC (H), and TAMRA (L). Significance
represents comparison of damaged explant surfaces to uninjured explant surfaces. Mean5 SE (n¼ 6); *¼ p< 0.05; **¼ p< 0.01. Scale bar is 200 mm. To
see this figure in color, go online.
Solute Adsorption near the Surface of Injured Cartilage 2431of injured explants had a significantly higher normalized
mean intensity of 191% (p < 0.05), whereas fissured
surfaces of injured and sliced explants had fluorescence
intensities significantly less than uninjured explants with
normalized mean intensities of 49% (p < 0.05) and 36%
(p < 0.05), respectively (Fig. 3 H). For explants exposed
to TAMRA, only surfaces of sliced explants exhibited sig-
nificant differences from surfaces of uninjured controls
with normalized mean intensities of 209% (p < 0.05) for
intact surfaces and 59% (p < 0.05) for fissured surfaces.
Normalized mean intensities of the intact and fissured sur-
face of injured explants approached significance with p <
0.06 and p < 0.07, respectively (Fig. 3 L).Fissured-to-intact surface intensity ratios for
injured and sliced explants
Within individual damaged explants (injured or sliced),
fluorescence intensity within the first 50 mm depth from
fissured surfaces in contact with the bath were normalized
to adjacent intact surfaces, resulting in a mean intensity
ratio. Statistical comparisons were made between the
mean intensity ratio of damaged explants and a theoreticalintensity ratio of 1 for surfaces of uninjured explants. After
absorption, intensity ratios of injured and sliced explants
were found to be significantly less than one (p < 0.001)
for all solutes (Fig. 4, A, B, and C). Similar results were
obtained for intensity ratios of injured and sliced explants
after desorption (p < 0.001) for all solutes (Fig. 4, D, E,
and F).Solute adsorption strengths and effects on cell
viability
Adsorption strengths were estimated from uninjured controls
by dividing the fluorescence intensity after desorption by
the fluorescence intensity after absorption for each
solute. Results showed that FITC adsorbed most strongly,
whereas TAMRA adsorbed most weakly. FITC and TAMRA
differed significantly from one another (p < 0.01) however
TRITC did not differ significantly from either (Fig. 5). Cell
viability was not significantly affected by the fluorescent sol-
utes used in this study; samples exposed to FITC, TRITC,
and TAMRA had 77%, 80%, and 71% viable cells, which
was similar to previous control findings (29) (results not
shown).Biophysical Journal 105(10) 2427–2436
FIGURE 4 Mean ratio of fissure surface fluores-
cence intensity normalized to intact surface fluo-
rescence intensity within individual injured and
sliced explants after absorption (A, B, C) and sub-
sequent desorption (D, E, F) for FITC (A, D),
TRITC (B, E), and TAMRA (C, F). Statistical
comparisons were made to a theoretical ratio of 1
for uninjured cartilage surface. Mean 5 SE (n ¼
6); * ¼ p < 0.05; ** ¼ p < 0.001.
2432 Decker et al.Effect of mechanical injury on solute effective
partition coefficients and explant GAG and fluid
content
Effective partition coefficients for uninjured explants were
found to be 0.54 5 0.026, 2.82 5 0.21, and 2.54 5 0.16
for FITC, TRITC, and TAMRA, respectively. K for injured
explants was found to be 0.61 5 0.056, 2.4 5 0.17, and
2.3 5 0.057 for FITC, TRITC, and TAMRA, respectively.
K for sliced explants was found to be 0.52 5 0.028,
2.57 5 0.14, and 2.32 5 0.035 FITC, TRITC, and
TAMRA, respectively. Mechanically injured and sliced ex-
plants exhibited no significant differences in overall meanFIGURE 5 Adsorption strengths of FITC, TRITC, and TAMRA for unin-
jured cartilage explants. Mean5 SE (n ¼ 6); ** ¼ p < 0.01.
Biophysical Journal 105(10) 2427–2436effective partition coefficients (K) versus uninjured control
explants for all solutes (Fig. 6 A). There was also no signif-
icant difference between K of injured explants and sliced ex-
plants. K varied between solutes, with partitioning of FITC
being significantly less than that of TRITC or TAMRA for
all experimental conditions (p < 0.01). Explant GAG and
fluid contents were not significantly affected by mechani-
cal injury versus control explants, with no significant differ-
ences between injured and sliced explants (Fig. 6, B and C).
Similarly, no differences in explant GAG and fluid contents
were detected between explants.DISCUSSION
In this study, solute adsorption and distribution at the
cartilage articular surface were found to differ between
damaged explants (mechanically injured or sliced) and
uninjured controls, as well as between fissures and adjacent
intact tissue in individual damaged explants. Sliced ex-
plants were used as a positive control for mechanical injury.
Living cartilage was used, therefore results may be attrib-
uted to solute-matrix and surface interactions in the pres-
ence of metabolically active cells. Surface adsorption was
found to be significantly less at surface fissure sites of
injured and sliced tissue compared to adjacent intact sur-
faces and the surface of uninjured tissue for all solutes stud-
ied, whereas effective partition coefficients were found to
be unaffected by injury, suggesting that solute-surface inter-
actions may be more sensitive indicators of tissue damage
than bulk partitioning.
FIGURE 6 (A) Partition coefficients (K) of solutes within cartilage
explants that were uninjured controls (n ¼ 5), mechanically injured (n ¼
6), or sliced (n ¼ 6). (B) Explant fluid content measured as fluid weight/
explants wet weight (g/g) and (C) GAG content measured as explant
total GAG weight/explant dry weight (mg/mg) of cartilage explants that
were uninjured controls (n ¼ 6), mechanically injured (n ¼ 7), or sliced
(n ¼ 6). Significance represents solutes compared to FITC for each
condition. Mean5 SE (n ¼ 6); ** ¼ p < 0.01.
Solute Adsorption near the Surface of Injured Cartilage 2433The significant trend of decreased fluorescence intensity
at fissured surfaces of damaged explants compared to sur-
faces of uninjured explants demonstrated by all solutes sug-
gests important differences between fissured and uninjured
surfaces that affect the properties of solute adsorption.
This may reflect the variation of structure and biochemical
composition throughout cartilage, which is divided into
three distinct zones of organization. The superficial zone
comprises the upper 10–20% of cartilage and can be subdi-
vided into two layers: the first is a thin (~4–8 mm thick), pro-
teinaceous, acellular layer of collagen fibrils termed the
lamina splendens (5,34), whereas the second consists of flat-
tened chondrocytes, densely packed collagen fibers with a
relatively low proteoglycan (PG) content (35). The middle
zone makes up 40–60% of cartilage and has fewer chondro-cytes but a much greater PG content and the deep zone has
very few cells and a lower PG content than the middle zone.
Previous studies have shown that the mechanical injury pro-
tocol used in this study typically induces fissures that extend
no deeper than 100–200 mm and thus are still within the
superficial zone (31). Therefore, it is most probable that
where fissures were present, solutes interacted with the sec-
ond layer of the superficial zone. The absence of the lamina
splendens in fissures may lead to changes in composition,
which negatively affect solute adsorption compared to unin-
jured surfaces and adjacent intact surfaces. It should be
noted that experimental design emphasized diffusion
perpendicular to the articular surface, but in the presence
of fissures there may have been significant contributions
from diffusion perpendicular to the surface and through
fissured surfaces. However, this should not have strongly
affected the equilibrium distribution of solute.
Differences in solute adsorption between fissured
surfaces and adjacent intact surfaces within individual
damaged explants were evident from mean intensity ratios,
which were significantly less than one for all solutes. Pre-
sumably, based upon present observations, dividing the
fluorescence intensities of any two points on a healthy, un-
injured cartilage articular surface would result in a mean
value close to one, with smooth variation from point to
point along the surface. Present results suggest that abrupt
changes in surface fluorescence intensities along an articular
surface (when exposed to solutes similar to those used in
this study) might indicate sites of focal injury. Future
work could address this correlation to assess the extent to
which spatial variations in fluorescence intensity ratios pro-
vide an accurate indicator of the severity of focal injuries.
These findings may therefore have clinical application.
In vivo fluorescence imaging is a current area of interest
that resembles fluorescence microscopy but at the tissue
level. The basis of this technique is centered on selection
of a fluorophore, which interacts with the bulk tissue such
that changes in its structure or composition are detectable
(36,37). Further advances in this technology could lead to
minimally invasive cartilage imaging techniques based on
fluorescence. Alternatively, currently available handheld
probes for arthroscopic assessment of cartilage surfaces
could be modified to detect fluorescence, allowing for iden-
tification of fissures caused by injury.
Interestingly, after desorption, fluorescence intensities of
intact surfaces of damaged explants tended to be signifi-
cantly higher than surfaces of uninjured explants for all sol-
utes. This indicates that both mechanical injury and slicing
induced changes in solute-surface interactions at surfaces
somewhat displaced from the site of fissures. It was naively
expected that intact surfaces of damaged explants would
exhibit behavior similar to uninjured surfaces; thus, this
discrepancy suggests that properties of the intact surface
were also altered during injury. Injury is associated with a
number of changes within cartilage including chondrocyteBiophysical Journal 105(10) 2427–2436
2434 Decker et al.death and altered biological activities of surviving cells,
disruption of the collagen network, and changes in ECM
composition (38–40). Chondrocytes that survive injury
secrete degradative (and other) factors, which presumably
contribute to tissue remodeling as part of a repair response
(6,29,41,42). Live cartilage was used for these studies;
therefore, it is possible that these secreted factors were pre-
sent and, combined with matrix disruptions, affected the
characteristics of the intact cartilage surface near sites of
fissures. Consequently, chemical interactions and solute
adsorption properties may have also been affected. Results
from this study suggest that the articular surface has a higher
affinity for negatively charged solutes than those that are
positively charged.
Solutes used in this study exhibited adsorption strengths
that seemed inconsistent with findings from previous work
(27); however, these discrepancies may have been due to
different explant preparation techniques, cell viabilities,
and bath solutions. In this study, solutes exhibited a range
of adsorption strengths, with FITC adsorbing most strongly
and TAMRAmost weakly. A previous study involving carti-
lage explants from which the superficial zone had been
removed (27) exhibited opposite trends. This discrepancy
may have been due to the presence or absence of the super-
ficial zone, which is relatively poor in GAGs and associated
fixed negative charge as compared to the middle zone.
In this study, where the superficial zone was present, nega-
tively charged solutes (FITC) were found to adsorb most
strongly to the cartilage surface, although this trend was
reversed in previous work where adsorption to the GAG-
rich middle zone was measured. In addition to these electro-
static effects, this study differed from previous work (27) in
that viable cartilage was used and culture media was used as
bathing solution (rather than dead cartilage in PBS). There-
fore, cell metabolic activities may have contributed to
solute-surface interactions, whereas competitive binding in-
teractions between fluorophores, proteins in culture media,
and cartilage surfaces may have played a role as well (25).
Although effective partition coefficients (K) were slightly
different from prior findings, which have reported K >1 for
the solutes studied, the trend of partition coefficient varia-
tion between solutes was consistent with those studies
(21,43–45). Previous studies that examined dead cartilage
with the superficial zone removed have found K >1 for
all solutes where Kz2 for FITC, Kz5 for TRITC, and
Kz1.75 for TAMRA. As was true for solute adsorption
strengths, the slight differences that did appear between
partition coefficients measured in this study versus previous
work (21,43–45) may be interpreted in light of different
explant dissection methods, cell viability, and protein-rich
culture medium. It is reasonable to expect that steric and
electrostatic interactions between solute molecules and
cartilage ECM largely determine K (46,47). Therefore, it
should be expected that all solutes used in this study, being
similar in size, would experience the same steric interac-Biophysical Journal 105(10) 2427–2436tions and therefore differences in K were mainly a result
of electrostatic interactions. Present results follow this logic
with negatively charged FITC having K <1, whereas
positively charged TRITC and TAMRA had K >1. Also
consistent with previous findings (21), effective partition
coefficients of solutes were not significantly affected by
mechanical injury.
The specific interactions between the fluorophores of this
study and cartilage surfaces involve steric, electrostatic, and
other effects that are difficult to assess quantitatively. How-
ever, there is ample evidence to suggest that solute-surface
interactions could be manipulated for development of carti-
lage-specific contrast agents. For example, though TRITC
and TAMRA both have the same charge and approximately
the same size, they exhibit somewhat different adsorption
properties (27). This difference may be related to subtle dif-
ferences in their functional groups; both have the same base
structure however TAMRA has a carboxyl (-COOH) group
where TRITC has an isothiocyanate (-N¼C¼S) group.
Therefore, relatively simple chemical modifications may
be sufficient to tune a solute’s interactions with cartilage
surfaces. There are numerous possibilities for conjugation
of molecular groups to solutes and further experiments
would provide increased insight into ways of manipulating
solute interactions with fissured and uninjured cartilage sur-
faces. Conjugation of fluorescent solutes or other image
contrast agents to molecular groups, which exhibit selective
binding to either intact articular surfaces or to fissures, could
lead to a sensitive minimally invasive indicator of focal in-
juries. For example, lubricin is a glycoprotein secreted by
chondrocytes in the superficial zone, which binds to the
articular surface through its C-terminal domain; therefore,
it may lead to a prominent signal at intact surfaces versus
fissures (48). Additionally, peptide sequences that show a
strong binding affinity for chondrocytes present a variety
of options to investigate preferential binding to fissures
where chondrocytes are exposed (49).CONCLUSION
Adsorption of fluorescent solutes to fissures on the articular
surface of damaged cartilage explants was significantly
reduced versus adsorption to uninjured cartilage surfaces.
This very clear trend was largely independent of the fluoro-
phore used, and also did not depend upon whether the
damage was induced by injurious compression or slicing.
Significant differences between solute adsorption to fissures
and adjacent intact cartilage within damaged explants sug-
gested that this contrast might be useful for detection of
cartilage injuries in vivo. Surprisingly, solutes were also
found to adsorb more strongly to intact surfaces of injured
and sliced explants than to uninjured explant surfaces,
suggesting that injury not only creates fissures but also
alters the surface properties of the adjacent intact tissue.
Solute adsorption strengths and partition coefficients were
Solute Adsorption near the Surface of Injured Cartilage 2435reasonably consistent with findings from previous studies,
but some differences existed that may have been due to
different explant preparation techniques, viability, and
bathing solutions. Overall, results highlight the sensitivity
of solute-surface interactions to tissue damage and the
appearance of fissures, and suggest that these phenomena
may be useful for development of cartilage-specific imaging
contrast agents and more accurate minimally invasive detec-
tion of focal injuries to the articular surface.
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